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Meiotic Recombination in C. elegans Initiates
by a Conserved Mechanism and Is Dispensable
for Homologous Chromosome Synapsis
A fervently debated issue is how the molecular events
leading to meiotic recombination are coordinated with
the large-scale cytological aspects of meiosis, including
chromosome pairing, condensation, and SC formation.
Most of the molecular information that we have about
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Abundant evidence indicates that in S. cerevisiae,
meiotic recombination is initiated by the formation ofSummary
double-strand DNA breaks (DSBs) (Sun et al., 1989; Cao
et al., 1990). Such breaks have been detected usingChromosome segregation at meiosis I depends on
physical assays, taking advantage of their frequent oc-pairing and crossing-over between homologs. In most
currence at specific chromosomal loci known as ªhot-eukaryotes, pairing culminates with formation of the
spotsº (reviewed by Lichten and Goldman, 1995). DSBsproteinaceous synaptonemal complex (SC). In bud-
serve as substrates for the molecular machinery thatding yeast, recombination initiates through double-
generates recombination intermediates including dou-strand DNA breaks (DSBs) and is thought to be essen-
ble Holliday junctions, which are eventually resolved totial for SC formation. Here, we examine whether this
yield gene conversions either with or without exchangemechanism for initiating meiotic recombination is con-
of flanking markers (Schwacha and Kleckner, 1995). Itserved, and we test the dependence of homologous
is somewhat surprising that DSBs are made deliberatelychromosome synapsis on recombination in C. ele-
during yeast meiotic recombination, given that DNAgans. We find that a homolog of the yeast DSB-gener-
breaks are generally regarded as dangerous events thatating enzyme, Spo11p, is required for meiotic ex-
can lead to a variety of deleterious consequences. Evi-change in this metazoan, and that radiation-induced
dence for the generation of DSBs during meiosis in or-breaks partially alleviate this dependence. Thus, initia-
ganisms other than S. cerevisiae is currently lacking. Intion of recombination by DSBs is apparently con-
consequence, a key question is whether the molecularserved. However, homologous synapsis is indepen-
events that have been so well-documented in buddingdent of recombination in the nematode, since it occurs
yeast can serve as a model for meiotic recombinationnormally in a C. elegans spo-11 null mutant.
in other organisms (Haber, 1997).
A second issue we address concerns the relationshipIntroduction
between meiotic recombination and the formation of the
SC. While this proteinaceous structure has long been
Meiosis is the essential process that allows sexually
recognized as a highly conserved, nearly ubiquitous fea-
reproducing diploid organisms to generate specialized
ture of meiosis, its role in meiotic events, particularly
cells, gametes, that contain only a haploid number of interhomolog recombination, remains unclear. Appar-
chromosomes. For meiotic nuclei to accomplish this
ently conflicting pictures have emerged from studies in
chromosome reduction accurately, several key events
S. cerevisiae and Drosophila melanogaster. In yeast, a
must occur during the long prophase preceding the first
large body of evidence has led to the conclusion that
meiotic division. Homologous chromosomes must find homologous synapsis is dependent on early events in
their proper partners and physically pair with them along meiotic recombination, since mutations that abolish
their lengths. This pairing is typically accompanied by DSB formation or processing also block the normal for-
the formation of a proteinaceous structure known as mation of the SC (reviewed by Kleckner, 1996; Roeder,
the synaptonemal complex (SC), which polymerizes be- 1997). In contrast, recent evidence from Drosophila has
tween paired homologs. The functional role of this struc- demonstrated that two different mutations that appear
ture is still enigmatic. In most eukaryotes, chromosomes to abolish recombination, most likely by preventing its
must also undergo highly regulated recombination events, initiation, nevertheless permit normal SC to form (McKim
some of which lead to reciprocal exchanges, or cross- et al., 1998).
overs. These exchanges serve the dual purposes of The discovery that in yeast, the SPO11 gene product
shuffling genetic information and creating physical links is the enzyme responsible for making meiotic DSBs
between the homologous chromosomes that enable (Keeney et al., 1997) has made it possible to ask whether
them to orient toward opposite poles and to segregate the DSB initiation mechanism is widely conserved.
faithfully at anaphase I. Spo11p is a homolog of the A subunit of a newly identi-
fied archaebacterial type II topoisomerase (Bergerat et
al., 1997). The mechanism by which DSBs are generated§To whom correspondence should be addressed.
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involves covalent linkage of Spo11p to the site of the
break. A gene encoding a putative homolog of Spo11p
has been uncovered in the course of sequencing the C.
elegans genome, enabling us to ask whether this protein
functions in meiotic recombination in a simple metazoan.
The nematode provides several advantages for mei-
otic studies. Meiosis in C. elegans displays canonical
features known from studies in a variety of other eukary-
otes (reviewed by Albertson et al., 1997). In both oocyte
and spermatocyte meiosis, proper homologous chro-
mosome segregation relies on recombination and the
resultant formation of chiasmata. During meiotic pro-
phase, light microscopic observation of worm chromo-
somes reveals a typical process of pairing and conden-
sation (Schedl, 1997). Analysis of the progression of
nuclei through meiosis is facilitated by their arrangement
in a temporal sequence within the gonad. SCs can be
observed by electron microscopy in both hermaphro-
dites and males (Goldstein, 1982; Goldstein and Slaton,
1982). C. elegans also has well-developed and powerful
molecular genetics, including increasingly robust re-
verse genetic techniques, that allow the molecular dis-
Figure 1. Expression and Knockout of C. elegans spo-11
section of complex pathways. Here, we have utilized a
(A) Northern analysis of the expression of T05E11.4 (spo-11) in adult
newly developed strategy to isolate a deletion allele of C. elegans hermaphrodites. Total RNA from wild-type C. elegans
the worm SPO11 homolog, and we have applied genetic adults and from mutant adults lacking a germline (see Experimental
and cytological tools to investigate its role in meiosis. Procedures) was blotted and probed for spo-11 message. As a
loading control, a probe to the neighboring predicted gene,
T05E11.3 (a GRP94 homolog), was hybridized to an identical blot.
The single transcript detected for spo-11, which corresponds to theResults
size expected based on the predicted coding sequence (1.3 kb), is
detected only in worms that have a germline.A C. elegans SPO11 Homolog Is Essential (B) The GeneFinder prediction for the exon/intron structure of
for Meiotic Crossing-Over T05E11.4 (spo-11) is shown, as adapted from ACeDB (Durbin and
Among the nearly 14,000 predicted proteins currently in Thierry-Mieg, 1991-). Numerical coordinates correspond to the Gen-
Bank entry for cosmid T05E11. The arrow indicates the direction ofthe C. elegans genome database, there is a single puta-
transcription. Triangles show the positions of PCR primers used totive homolog of the S. cerevisiae Spo11 protein, desig-
identify worms carrying a deletion in this gene (see Experimentalnated T05E11.4. The predicted sequence shares several
Procedures).Dashed lines indicate the position of the 1.3 kb deletion
motifs conserved among the Spo11 protein, the S. in the spo-11(ok79) allele.
pombe rec12 protein, and archaebacterial topoisomer-
ase IV A subunits, including a tyrosine residue likely to
segregation. They are morphologically normal and show
be directly involved in catalytic activity (Bergerat et al.,
no obvious somatic defects, and hermaphrodites pro-
1997). We examined the expression of the correspond- duce a normal number of fertilized eggs, about 200.
ing gene in adult worms (Figure 1A). A single transcript However, the vast majority (.99.4%) of these die as
was detected in wild-type worms, but not in animals embryos. A small fraction, 0.5%, do hatch as L1 larvae
lacking a germline, making the locus a good candidate but die soon afterwards. Among the few progeny surviv-
to encode a meiotic factor. ing to adulthood, half are male. The observation of this
To investigate the possibility that T05E11.4 plays a ªHigh incidence of males,º or Him phenotype (Hodgkin
role in meiosis, we isolated a deletion allele of the locus et al., 1979), is diagnostic of a chromosome segregation
using PCR to screen a mutagenized worm library (see defect. C. elegans hermaphrodites have two X chromo-
Figure 1B, Experimental Procedures). The deletion was somes, while males are XO. Hermaphrodites produce
sequenced and found to remove 982 bases upstream both sperm and oocytes and can reproduce either by
of the predicted start codon, plus the first 245 coding self-fertilization or by mating with males, which produce
bases. This lesion is virtually certain to represent a null only sperm. Males normally arise among the self-prog-
allele, since the structure of the truncated gene would eny of hermaphrodites at a low frequency (0.1%±0.2%)
prevent it from encodinga functional protein (see Experi- due to spontaneous nondisjunction of the X chromo-
mental Procedures). We have renamed this gene spo- some. Mutations causing errors inX chromosome segre-
11, based on its homology to the S. cerevisiae SPO11 gation give rise to increased production of males.
gene and our functional analysis. The deletion allele is The spo-11 deletion results in a severeHim phenotype.
designated as spo-11(ok79). The high frequency of X chromosome ªaneuploidy,º cou-
If C. elegans SPO-11 plays a conserved role in initiat- pled with cytological evidence that all chromosomes are
ing meiotic recombination, we would expect to see mei- affected (below), indicates that the extensive embryonic
otic defects in the absence of its expression. Animals lethality is a consequence of aneuploidy due to errors
homozygous for the deletion display a constellation of in meiotic chromosome segregation. When spo-11 her-
maphrodites are outcrossed to wild-type males, theyphenotypes indicative of errors in meiotic chromosome
Double-Strand Breaks in C. elegans Meiosis
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Figure 2. Chiasmata Are Absent in spo-11
Deletion Homozygotes
Each image shows two DAPI-stained nuclei
at diakinesis, the final stage of meiotic pro-
phase. In wild-type oocytes, six bivalents,
representing the six pairs of homologous
chromosomes joined by chiasmata, are ob-
served. In spo-11 mutants, 12 univalents are
seen, indicating an absence of chiasmata.
produce greater numbers of adult progeny, typically 10± deletion mutant (Table 1). Exchange was assayed in a
large interval spanning most of the X chromosome. For25. The fact that providing euploid sperm increases the
frequency of viable progeny indicates that chromosome these experiments, hermaphrodites heterozygous for the
X-linked markers dpy-3 and unc-3 were crossed to wild-segregation is defective in both spermatocytes and oo-
cytes inspo-11 hermaphrodites. It also permits recombi- type males, and the frequency of Unc non-Dpy and Dpy
non-Unc recombinants was assayed among male cross-nation analysis, as described below.
Cytological analysis revealed an absence of chias- progeny (see Experimental Procedures for details). In
crosses with control hermaphrodites, which were spo-mata in spo-11 mutant oocytes. Oocytes in C. elegans
hermaphrodites pause prior to fertilization at the end 11/1 or 1/1, crossovers were detected on 38% of X
chromosomes assayed, in close agreement with previousof meiotic prophase, in diakinesis. By this stage the
chromosomes are highly condensed, and the side-by- measurements for this interval (e.g., Villeneuve, 1994). In
contrast, no crossovers were detected in experimentalside pairing of homologous chromosomes established
in early prophase is no longer observed. Normally, ho- crosses with spo-11/spo-11; dpy-3 unc-3/11 mothers.
This severe reduction in exchange to less than 1% ofmologs remain physically linked through chiasmata as
wild-type levels indicates that the absence of chiasmataa consequence of meiotic crossovers that occurred ear-
seen in spo-11 mutant oocytes is due to failure to formlier. This sustained association allows them to orient
crossovers.toward opposite poles of the meiotic spindle. In wild-
type worms, six bivalents can be detected at this stage
by fluorescence microscopy of DAPI-stained worms, Artificially Induced Breaks Can Partially
representing the six pairs of homologous chromosomes Bypass the Requirement for SPO-11
held together by chiasmata (Figure 2). In spo-11 mutant spo-11 worms show an absence of meiotic recombina-
oocytes, 12 univalents can be resolved in the majority tion, analogous to what is seen in S. cerevisiae spo11
of nuclei, indicating an absence of chiasmata (see Ex- mutants (Klapholz et al., 1985). Since yeast Spo11 pro-
perimental Procedures). tein is the enzyme responsible for generating DSBs
A lack of cytologically detectable chiasmata in C. ele- (Keeney et al., 1997), these results provide strong sug-
gans usually stems from a failure to form crossovers gestive evidence that this mechanism of initiation is con-
(A. M. V., unpublished data), but in principle it could served. To strengthen this conclusion, we sought cor-
instead indicate premature release of these physical roborating evidence that the role of C. elegans SPO-11
linkages (reviewed by Moore and Orr-Weaver, 1998). is to generate DSBs. If so, it follows that DNA breaks
We measured the frequency of genetic recombination induced by another means might compensate for the
during oocyte meiosis and confirmed that crossing-over lack of SPO-11 function. Exposure of spo11 yeast to
radiation during meiosis has been shown to increaseis absent or at least drastically reduced in the spo-11
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Table 1. Absence of Meiotic Crossovers in spo-11 Mutant Oocytes
Recombinant Total Map Distance Control Map
Genotype Chromosomes Chromosomes (cM) Distance (%)
1/(spo-11 or 1); dpy-3 unc-3/11 503 1332 37.8 100
spo-11/spo-11; dpy-3 unc-3/11 0 240 ,0.5 ,1
Crossing-over was assayed in the dpy-3±unc-3 interval on the X chromosome. Hermaphrodites of the indicated genotypes were crossed with
wild-type males, and their male progeny were scored for the X-linked markers dpy-3 and unc-3 (see Experimental Procedures for details).
spore viability and recombination frequency (Thorne and of zygote production. The increase in progeny survival is
most easily explained by induction of crossovers in theByers, 1993). We performed an analogous experiment
by exposing spo-11 mutant worms to g irradiation and oocytes of irradiated animals, which would be expected
to physically link homologous chromosomes and facili-examining the effect of this treatment on the production
of viable progeny. tate proper segregation, leading to an increase in the
frequency of euploid gametes.For this experiment, hermaphrodites at the late L4
larval stage were subjected to a moderate dose of 1500 We tested directly whether irradiation induces forma-
tion of crossovers in the spo-11 mutant. Exchange wasrad of g rays from a 137Cs source, a level which has been
shown to increase the genetic distance in a particular assayed in the dpy-3±unc-3 interval on the X chromo-
some, a large region in which no crossing-over wasphysical interval approximately 2-fold in wild-type C.
elegans hermaphrodites (Kim and Rose, 1987). At this observed in nonirradiated spo-11 mutants (see above,
Table 1). Here, a larger dose of g rays was used, sincestage an array of meiocytes at all stages of prophase I
is present in the worm. Exposure to this dose reduced we found that the number of adult survivors produced
by spo-11 mutant hermaphrodites could be increasedthe number of viable self-progeny from wild-type worms
by 7% and also induced a low level of meiotic nondis- to an average of 2.7 if they are subjected to 5000 rads
as L4 hermaphrodites, a dose that results in a 53%junction, as evidenced by an increase in the number of
male (XO) offspring. The number of zygotes produced reduction in brood size when administered to wild-type
by both wild-type and spo-11 worms was unaffected.
Irradiated worms and nonirradiated controls were plated
individually, and they began to lay eggs roughly 18±22
hr later. After an initial 12±16 hr egg-laying period,worms
were transferred to fresh plates and then again trans-
ferred 12 and 24 hr later, so that progeny could be
scored over four successive egg-laying broods per par-
ent. Plates were later examined for the presence of
hatched L1 larvae and viable adult progeny (Figure 3).
The data presented in Figure 3 show that irradiation
has a marked ability to enhance the survival of zygotes
produced by spo-11 hermaphrodites in the first period
of egg laying following the treatment. One hundred sev-
enty-nine control nonirradiated animals produced no
progeny that survived to adulthood during this period.
In contrast, 162 irradiated spo-11 worms produced a
total of 87 adult progeny. The numbers of embryos that
survived to hatching (but not to adulthood) from both
irradiated and control animals followed the same trends
observed from counts of adult progeny.
The observation that the increase in survival is great-
est among the first progeny of irradiated animals indi-
cates that the rescue is largely restricted to oocytes.
Moreover, it implies that only a subset of oocytes is
affected and that most or all were at the pachytene
Figure 3. Exposure to g Irradiation Increases the Survival Frequency
stage of meiosis at the time of exposure, based on our of spo-11 Self-Progeny
knowledge of the timing of meiotic progression (Schedl,
Hermaphrodites were subjected to 1500 rads at the late L4 larval
1997; A. F. D. and A. M. V., unpublished data). In her- stage. Progeny of irradiated and control spo-11 parents were
maphrodites, sperm are produced before oocytes and counted for each of four successive brood periods (A±D) following
the treatment. Progeny counts were normalized by a factor propor-most spermatocytes have already completed meiosis
tional to the number of parents to facilitate comparison. During theby the late L4 stage. If sperm had been rescued to a
first egg-laying interval (Brood A), a marked increase was observedlarge degree, we would expect to see increased survival
in both adult and L1 progeny of irradiated worms, which droppedthroughout the entire course of egg laying. The slight
to nearly control levels in subsequent broods. The average number
elevation seen among later broods in Figure 3 may re- of zygotes produced during each of the first three brood periods
flect a small increase in the frequency of euploid sperm (A±C) was approximately equal, but it was lower by about half in
Brood D.in the pool that is used to fertilize oocytes throughout all
Double-Strand Breaks in C. elegans Meiosis
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Figure 4. Chiasmata Are Detected at High
Frequency in spo-11 Oocytes Exposed to Ra-
diation
Two examples of oocytes at diakinesis from
spo-11 hermaphrodites irradiated 18 hr prior
to fixation and DAPI staining are shown.
Whereas without exposure to radiation only
univalents would be detected at this stage
(Figure 2), here six bivalents can be clearly
observed. In wild-type C. elegans oocytes,
bivalents have a consistently symmetrical,
compact shape (see Figure 2), while those
resulting from irradiation in the absence of
SPO-11 sometimes show aberrant morphol-
ogy, possibly due to multiple chiasmata or to
formation of crossovers at unusual chromo-
some locations. Scale bar, 2 mm.
worms (data not shown). We irradiated 45 hermaphro- (reviewed by Albertson et al., 1997; Schedl, 1997). This
dites of the genotype spo-11/spo-11; dpy-3 unc-3/11 analysis was greatly facilitated by the arrangement of
and scored their adult self-progeny for recombinant meiocytes within the C. elegans gonad. Hermaphrodites
phenotypes. Recombinants were observed at high fre- have two gonad arms, each of which contains a com-
quency: 19/93 hermaphrodites and 5/29 males were ei- plete temporal progression of nuclei from premeiotic
ther Unc non-Dpy or Dpy non-Unc. Our previous experi- stages through fertilized embryos, arranged in an unam-
ment indicated that increased survivorship following biguous sequence. The different stages of meiotic pro-
irradiation is due mainly to effects on oocytes, implying phase can be recognized by their distinctive appear-
that most of the crossovers detected in this experiment ances in DAPI-stained preparations (Figure 5). The distal
occurred during oocyte meiosis. Based on this assump- tip of each gonad arm (with respect to the uterus) con-
tion, we can estimate that about 40% of oocyte-derived tains a proliferative region in which mitotic nuclei are
X chromosomes recovered in viable progeny had under- frequently observed. Immediately beyond this region
gone a crossover in this interval. This high frequency of lies a ªtransition zoneº of nuclei entering meiotic pro-
recombinant progeny strongly suggests that crossovers phase. Following this zone is an extensive region of
induced by ionizing radiation can function to promote pachytene nuclei in which the side-by-side alignment
proper chromosome segregation. of homologous chromosomes can be detected by DAPI
As described above, the rescue we observed follow- staining (Figures 5C and 5D). These nuclei contain par-
ing irradiation is likely due to an increased frequency of tially condensed chromosomes arranged as pairs of par-
euploid oocytes in a temporally restricted window of allel cables. We have measured the spacing between
not more than one-quarter of the oocytes produced. these cables in three-dimensionally preserved speci-
When spo-11 hermaphrodites are provided with euploid mens and determined that the peaks of DAPI intensity
sperm by mating, they produce about 10±25 viable prog- are separated by approximately 0.3 mm.
eny over the entire egg-laying period. Since mutant ani- In whole-mount gonads stained with DAPI, noobvious
mals exposed to5000 rads produce an average of nearly cytological difference is seen between wild-type and
three adult self-progeny (despite the lethality of this
spo-11 mutant worms prior to diakinesis (Figure 5). The
dose), and the frequency of crossovers detected among
regions of premeiotic, transition, and pachytene nuclei
these is quite high, a reasonable hypothesis is that a
each span a similar distance in age-matched adults.
large fraction of the oocytes in the affected window
Further, no delay is seen in egg production by spo-11
have undergone one or more crossovers. Therefore, we
worms. Based on these observations, it is unlikely that
exposed spo-11 hermaphrodites to 5000 rads and ex-
a significant meiotic delay or arrest results from theamined oocyte nuclei that reached diakinesis 18 hr later
mutation.to determine whether chiasmata could be detected cy-
Homologous chromosome pairing in wild-type andtologically (Figure 4). We observed a very high frequency
spo-11 worms was examined in three-dimensionallyof chiasmata: most oocytes revealed six bivalents (e.g.,
preserved gonads using fluorescence in situ hybridiza-51 of 56 oocytes scored in 18 animals contained no
tion (FISH) and opticalsectioning microscopy. Using thisunivalents), implying that crossovers had been induced
assay, we confirmed that intimate homologous pairingon each pair of homologs. This observation reinforces
occurs normally in the spo-11 mutant. Figure 5 showsthe conclusion that radiation-mediated rescue of spo-
intact gonad arms hybridized with a probe to the 5S11 worms results from functional replacement of SPO-
rDNA locus on chromosome V. In premeiotic germline11 by DNAbreaks, and that the normal role of this protein
nuclei this probe produced two signals, indicating thatis to generate meiotic DSBs.
homologous chromosomes are not yet paired. Within
the transition zone, these signals are frequently seenMeiotic Progression and Intimate Pairing
close together, and toward the proximal end of this zoneof Homologous Chromosomes Are
they become uniformly paired. This region thus containsUnimpaired in the spo-11 Mutant
nuclei at the leptotene and zygotene stages of meiosis,Using fluorescence microscopy, we have examined the
during which intimate homolog pairing occurs. Chromo-effects of the absence of SPO-11 on chromosome mor-
phology and homolog pairing during meiotic prophase somes remain paired at the 5S rDNA locus throughout
Cell
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Figure 5. Chromosome Pairing and Progression through Meiosis Are Normal in the spo-11 Mutant
(A and B) Progression through meiosis within intact gonads can be observed in the light microscope. As nuclei advance temporally through
the meiotic stages, they also move spatially from the distal end of the gonad (top left of each specimen) toward the spermatheca near the
proximal end, and ultimately pass into the uterus as fertilized embryos. The distal end contains a zone of mitotic proliferation (pm, premeiotic)
in which the homologs are unpaired, as revealed by FISH analysis. This is followed by a ªtransition zoneº (tz) in which nuclei have a distinctive
Double-Strand Breaks in C. elegans Meiosis
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the pachytene region, confirming that the parallel DAPI- at dry ice temperature, embedded, sectioned, and
stained. Wild-type pachytene meiocytes prepared in thisstaining cables represent paired homologous chromo-
somes. With high resolution microscopy, the FISH sig- way showed a typical tripartite SC structure (reviewed
by Schmekel and Daneholt, 1995), including a pro-nals often appear as closely spaced doublets, one on
each of the two fluorescent cables (Figures 5C and 5D). nounced ladder-like central element with rungs corre-
sponding to the transverse elements (Figure 7A). In moreEach of the six C. elegans chromosomes contains a
special cis-acting region known as a ªpairing centerº or conventional immersion-fixed specimens, these trans-
verse elements were also clearly visible, but the longitu-ªhomolog recognition region,º which may play a special
role in the process of pairing and/or recombination dinal components of both the central and lateral elements
were more difficult to discern in such preparations (Figure(Rose et al., 1984; McKim et al., 1988, 1993; Villeneuve,
1994). The 5S rDNA maps close to the genetically de- 7C). These images resembled results from previous ul-
trastructural work on the SC from C. elegans (Goldsteinfined pairing center on chromosome V, and moreover
it is one of very few regions of contiguous repetitive and Slaton, 1982).
With both procedures, spo-11 mutant worms clearlysequence in the worm genome. Accordingly, we felt
it was important to determine whether its pairing behav- showed normal SC organization, with reference to the
structure observed in wild-type worms (Figure 7). Con-ior in wild-type and spo-11 mutants is exceptional in
any way. tiguous stretches of SC were observed in sections from
mutant worms as frequently as in wild-type specimens.Probes to several other chromosome regions, includ-
ing loci at each end of chromosome III, the middle of Most crucially, the central element, which fails to form
in S. cerevisiae mutants defective in recombination initi-chromosome IV, both ends of V, and the left end and
middle of the X chromosome were synthesized using ation, is present in the spo-11 mutant.
Condensed chromatin is frequently discernible, par-pools of 2±6 cosmids covering contiguous stretches
of 50±100 kb. These probes were hybridized to whole- ticularly in sections from the HPF specimens, as elec-
tron-dense areas flanking the ribbon-like SC. The dis-mount preparations (Figure 6). Intimate homologous
pairing of all loci examined was detected by the onset tance between the centers of these chromatin regions
is approximately 0.3 mm, which matches the distanceof pachytene in both wild-type and spo-11 meiosis.
Given the results of the experiments described above, measured between parallel DAPI-bright cables in micro-
graphs such as Figures 5C and 5D, further confirmingwe conclude that neither DNA breaks nor the SPO-11
protein plays an essential role in the homologous pairing that the pachytene fibers observed by fluorescence mi-
croscopy represent synapsed chromosomes.process, as observed cytologically in C. elegans.
SC Formation Is Normal in the spo-11 Mutant
DiscussionWe have shown that intimate chromosome pairing is
unperturbed in a C. elegans spo-11 deletion mutant and
Conservation of the Initiation of Meioticthat pachytene chromosome morphology appears nor-
Recombination by DSB Formationmal at the level of the light microscope. Therefore, it
We have shown that a homolog of the yeast DSB-gener-seemed likely that chromosome synapsis occurs nor-
ating enzyme Spo11p is essential for meiotic exchangemally despite the absence of recombination. To test this
in the nematode C. elegans. Further, irradiation candirectly, transmission electron microscopy (TEM) of thin
bypass the requirement for SPO-11 in the formationsections was used to evaluate the structure of the SC
of crossovers and chiasmata. The fact that radiation-in wild-type worms and to ask whether spo-11 mutants
induced breaks can restore more normal meiosis in aare able to form this structure (Figure 7).
genetic background that otherwise shows no crossing-Two different procedures were used toprepare worms
over suggests that all components required for recipro-for TEM (see Experimental Procedures for details), and
cal exchange and chiasma formation are present in awhile they gave the same key result, the appearance of
spo-11 mutant worm, with the exception of the neces-the SC depended on the fixation method. High pressure
sary DNA scission activity. Taken together, these resultsfreezing (HPF) of specimens followed by freeze-substi-
provide strong evidence that meiotic recombination istution has given excellent preservation of cytoskeletal
initiated by DSBs in a metazoan organism. Given theelements and other structures in a variety of organisms
vast evolutionary distance between yeast and nema-(reviewed by Kiss and Staehelin, 1995). In this approach,
todes, it seems likely that this mechanism of initiationlive worms were frozen under conditions designed to
is common to all sexually reproducing organisms thatprevent ice damage (McDonald, 1998). Following this,
they were slowly dehydrated and infiltrated with fixative induce recombination during meiosis.
appearance in the light microscope, and both unpaired and paired FISH signals can be detected. More proximally still lies an extensive zone
of pachytene nuclei (pt), in which all FISH signals are paired ([C] and [D]; see also Figure 6). In the proximal region of the gonad, chromosomes
show increased compaction. Homologs begin to separate from each other during the diplotene (dt) stage, and by the diakinesis (dk) stage
they are held together only by chiasmata; in the spo-11 mutant, homologs separate from each other completely and are detected at diakinesis
as univalents (see also Figure 2).
In higher magnification images of wild-type (C) and spo-11 (D) pachytene nuclei, parallel DAPI-stained cables can be seen, representing the
closely paired homologous chromosomes (see text). Three-dimensional imaging reveals that the FISH signals arising from the two homologs
are closely juxtaposed. Scale bars, 2 mm.
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Figure 6. In the spo-11 Mutant, Homologous Pairing Occurs Normally at All Chromosomal Loci Examined
Fluorescent probes were hybridized to whole-mount gonads from wild-type and spo-11 adults, and pairing was indicated by colocalization
of the signals from both homologs, either as single signals or as closely spaced doublets. Here, three probes from chromosome V were
hybridized and analyzed together. The ªpairing centerº on this chromosome maps to the right end, here marked with the green probe. Pairing
along thefull extent of the chromosome is observed. Similar results wereobtained with probes from chromosomes III, IV, and the X chromosome.
Homologous Pairing, Synapsis, and the Regulation to appearance of SC (Padmore et al., 1991), and that
mutations that abolish recombination initiation causeof Meiotic Recombination
As outlined in the Introduction, a long-standing puzzle early blocks in SC formation, whereas mutations affect-
ing later steps in recombination cause intermediatehas been the relationship between the SC and the pro-
cess of meiotic recombination. In some fungi such as blocks in SC formation (Giroux et al., 1989; Alani et al.,
1990; Cao et al., 1990). Our finding that homologousS. pombe and A. nidulans and in ciliatessuch as Tetrahy-
mena (Wolfe et al., 1976), reciprocal exchange occurs synapsis in C. elegans is independent of DSB-initiated
recombination seems more consistent with the historicefficiently in the absence of structurally recognizable
SC (reviewed by Moens, 1994). Conversely, in some view, although it remains to be determined whether DSB
formation normally precedes or follows synapsis in theLepidoptera and Trichoptera species, normal SC is
present in both sexes, although there is no recombina- nematode. Data from both systems are consistent with
a role for SC components in regulating crossover forma-tion in females (reviewed by Wolf, 1994). These excep-
tional cases demonstrate that SC cannot be strictly re- tion, butsuch regulation mayoperate on a step in recom-
bination downstream of DSB-mediated initiation.quired for meiotic exchange, or vice versa, but fail to
address the relationship between synapsis and recom- Synapsis independent of recombination is not limited
to C. elegans. Recently McKim et al. (1998) demon-bination in organisms that normally display both facets
of meiosis, a matter of much recent debate. strated the presence of structurally normal SC in Dro-
sophila females mutant at either of two loci, mei-W68 orThe crux of the matter concerns the mechanism by
which crossovers, and thus chiasmata, generally are mei-P22. These mutations abolish reciprocal exchange
and simple gene conversion, or at least reduce bothconstrained to occur ªappropriatelyº between homolo-
gous DNA sequences at similar locations on homolo- types of recombination to below detectable levels. Their
evidence strongly suggested that no initiation eventsgous chromosomes. Historically, this regulation has
been attributed to chromosome pairing-initiated, SC- take place in these mutants. At the time, the mechanism
of initiation in flies was unknown, but new evidenceenforced alignment of homologous sequences prior to
recombination. Studies of meiosis in S. cerevisiae have showing that mei-W68 encodes the fly homolog of yeast
Spo11p (K. S. McKim, personal communication) rein-led to a revised view in which early steps in recombina-
tion are required for normal SC formation (reviewed by forces the conclusion that Drosophila, like C. elegans,
initiates meiotic recombination through DSBs and canHawley and Arbel, 1993; Kleckner, 1996; Roeder, 1997).
This conclusion is based on the observation that DSB- achieve homologous synapsis in the absence of recom-
bination initiation.initiated recombination in budding yeast begins prior
Double-Strand Breaks in C. elegans Meiosis
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Figure 7. Synaptonemal Complex in Wild-Type and spo-11 Mutant Worms
Each of these examples shows a portion of a section through a pachytene nucleus. C. elegans hermaphrodites were fixed by two different
methods (see Experimental Procedures). Images (A) and (B) are from high pressure frozen (HPF) specimens of wild-type and spo-11 worms,
respectively, while (C) and (D) are from chemically fixed samples. The drawing below the micrographs (E) indicates the different SC structural
components and their nomenclature and was adapted from Schmekel and Daneholt (1995).
In these images, the nuclear envelope can be seen near the top, and the dark area seen near the bottom in (A), (B), and (D) is the nucleolus.
The high degree of preservation achieved with the HPF procedure is evidenced in part by the smooth curve of the nuclear envelope; other
organelles also show reproducibly smooth, sharp morphology (data not shown). Lateral elements (LE), which can often appear contiguous
with chromatin flanking the SC (Goldstein and Slaton, 1982; Schmekel and Daneholt, 1995), are more discrete in the HPF specimens, and the
tripartite nature of the SC is more apparent. The central element has a similar appearance in both genotypes. Transverse filaments spanning
the region between the lateral elements are seen as rung-like structures. With either fixation procedure, the structure of the SC is indistinguish-
able between wild-type worms and spo-11 mutants. Scale bar, 0.2 mm (200 nm).
It has been suggested that the ability of flies to pair A possible way to reconcile the data from S. cerevis-
iae, flies, and worms is to imagine that the primary pre-their homologous chromosomes intimately in somatic
nuclei may relax the requirement for SC formation to requisite for homologous synapsis is not formation of
DSBs per se but rather the stabilization of pairing be-depend on the prior initiation of meiotic recombination
(reviewed by Roeder, 1997). In flies, the premeiotic oo- tween homologous chromosomes. In budding yeast, the
stabilization of homologous pairing depends on severalgonial nuclei show evidence of homolog pairing (Grell
and Day, 1970), and the chromosomes are thus believed of the same proteins required for DSB formation, includ-
ing Spo11p (Weiner and Kleckner, 1994; Naget al., 1995;to enter meiosis fully aligned. In contrast, evidence for
alignment of homologs in C. elegans somatic nuclei is Kleckner, 1996). Nevertheless, there is evidence that
substantial stabilization of pairing interactions occurslacking. Moreover, in whole-mount gonads hybridized
with DNA probes we do not observe pairing of homolo- independently of DSBs (Weiner and Kleckner, 1994;
Kleckner, 1996). Further, in yeast at least some steps ingous sequences in the germline until immediately prior
to the appearance of pachytene nuclei. Consequently, homologous alignment almost certainly precede DSB
formation, since the recombination initiation machinerythe fact that meiotic chromosome synapsis does not rely
on recombination in C. elegans cannot be accounted for appears tobe sensitive towhether homologous chromo-
somal regions are present prior to the generation ofby a robust premeiotic pairing mechanism.
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these synchronous cultures using TRIzol (Life Technologies) ac-breaks (de Massy et al., 1994; Xu and Kleckner, 1995;
cording to the manufacturer's directions.Bullard et al., 1996; Rocco and Nicolas, 1996). The main
Probes were generated by PCR amplification of genomic DNA,role of DSBs in eliciting SC formation in yeast may be
digested with Sau 3AI, and 39-end-labeled with 32P-dCTP. Blotting
to serve as a regulatory trigger that initiates assembly and hybridization were performed using standard procedures (Sam-
of SC (Prinz et al., 1997). Homologous synapsis will brook et al., 1989).
ensue if homolog alignment is already at least partially
PCR Selection and Balancing of a spo-11 Deletion Mutantstabilized when this trigger is engaged, but if DSBs form
A worm library mutagenized with diepoxybutane was screened forunder conditions where stabilization of pairing is im-
deletions in the T05E11.4 gene. Genomic DNA was prepared frompaired, they appear to trigger some synapsis between
pools of worms, and nested primers were used in two successive
nonhomologous chromosomes (Nairz and Klein, 1997). rounds of PCR. The external primers were CGTGTTTCCCAAGATG
Perhaps a regulatory trigger of this type is more crucial CTC and CGGAATGCGTGCAAGTG; the internal primers were CCGA
to coordinate the timing of key meiotic events in an ACAGCATATTGAAGAGG and GCGCATATAAAACACGGAGAC. The
expected product from amplification of wild-type genomic DNA isorganism such as budding yeast, where progression
2.9 kb; the deletion mutant yields a 1.6 kb product. Further detailsthrough meiotic prophase is rapid, and less important
of the screening procedure are available at http://snmc01.omrf.in organisms such as C. elegans and Drosophila that
uokhsc.edu/revgen/RevGen.html.
progress through meiosis more slowly. The deletion was sequenced and found to remove bases 21,044
In Drosophila and C. elegans, homologous alignment through 22,365 of the cosmid sequence (GenBank accession num-
appears to be achieved in the absence of their respec- ber Z68751). The predicted gene immediately upstream, F01G4.1,
is transcribed from the other strand, providing no opportunity fortive Spo11p homologs, indicating that other mecha-
aberrant read-through from its promoter into the remaining codingnisms to stabilize pairing may predominate in these
region of spo-11. The transcription of this neighboring gene is unaf-organisms. Genetic evidence indicates that there are
fected by the deletion (data not shown). The resultant sequence
special cis-acting sites on chromosomes in flies (Haw- contains multiple in-frame stop codons immediately upstream of
ley, 1980) and worms (reviewed by Zetka and Rose, the remaining spo-11 coding region, such that translation initiated
1995; Albertson et al., 1997) that promote meiotic recom- upstream could not yield a protein including any part of SPO-11.
The next potential downstream splice acceptor site and initiationbination, potentially by stabilizing homologous associa-
codon are both well downstream of the predicted active site ty-tion. Cytological evidence from C. elegans indicates that
rosine.deletion of the recombination-promoting region of the
Individual worms carrying the deletion were identified phenotypi-
X chromosome (Villeneuve, 1994) does indeed result in cally, backcrossed eight times to N2, and balanced over the recipro-
defective chromosome pairing (A. F. D. and A. M. V., cal translocation nT1.
unpublished data).
Recombination Analysis
To measure genetic exchange in oocyte meiosis,we took advantageConclusions
of the fact that male C. elegans have only a single X chromosome.The findings presented here highlight the importance of
Hermaphrodites heterozygous for an X chromosome carrying dpy-studying fundamental biological processes in different
3(e27) and unc-3(e151) were crossed with wild-type males, and their
experimental systems. On the one hand, we have pro- male cross-progeny were scored for recombinant phenotypes. For
vided evidence that the basic DNA enzymology of mei- control crosses (hermaphrodites of genotype 1/[spo-11 or 1]), all
male progeny were scored, and the map distance equals (100 3otic recombination that has been elucidated in budding
[recombinant males/total males]).yeast is widely conserved. It remains to be determined
Because defective chromosome segregation in spo-11 hermaph-whether initiation of recombination by a topoisomerase-
rodites leads to a high frequency of nullo-X ova, non-Dpy non-Unclike enzyme is conserved among all sexually reproduc-
male progeny resulting from crosses with spo-11/spo-11; dpy-3
ing organisms, but given the evidence that this protein unc-3/11 hermaphrodites could have inherited their X chromosome
family is shared between eukaryotes and archaebacte- from either parent. We therefore directly counted only Dpy Unc, Dpy
non-Unc, or Unc non-Dpy male progeny, since these are known toria, this activity is likely to have an origin as ancient as
have matroclinous inheritance of their X chromosomes. Since bothmeiosis itself. On the other hand, our results indicate
X chromosomes were transmitted with equal frequency and no re-that thegenerality of the paradigm inwhich SC formation
combinant males were observed, the total number of chromosomesdepends on meiotic recombination is limited, and that
examined was calculated as (2 3 [number of Dpy Unc males]).
there may be more than one route to achieving homolo- Genetic exchange following irradiation was assayed by scoring
gous chromosome synapsis. self-progeny of irradiated spo-11/spo-11; dpy-3 unc-3/11 her-
maphrodites for recombinant phenotypes. Based on the assumption
that the observed crossovers occurred during oocyte meiosis andExperimental Procedures
not spermatocyte meiosis (see Results), the recombination fre-
quency can be calculated as (2 3 [frequency of recombinant pheno-Worm Strains
types among hermaphrodite self-progeny]).All wild-type C. elegans were from an N2 Bristol strain. Worms were
cultured at 208C under standard conditions as described by Brenner
(1974). Additional strains were kindly provided by the Caenorhab- Detection of Achiasmate Chromosomes in Oocyte Nuclei
ditis Genetic Center. To estimate the number of achiasmate chromosomes present in
oocytes at diakinesis, intact worms were fixed with Carnoy's solu-
tion, stained with DAPI, and examined by epifluorescence micros-Northern Analysis
To obtain RNA from adults lacking a germline, we utilized glp-4 copy. Each worm typically contains 2±6 nuclei at the stage where
individual univalents (achiasmate chromosomes) and bivalents can(bn2), a temperature-sensitive mutation that prevents the develop-
ment of a germline under restrictive conditions (Beanan and Strome, be distinguished by direct observation. Bivalents appear larger and
more elongate than univalents. In some nuclei, individual univalents1992). Wild-type and glp-4 worms were grown in liquid culture at
158C to obtain large numbers of eggs, which were harvested by or bivalents lie too close together to be unambiguously resolved.
In a sample of 36 oocytes from eight wild-type adults, the averagehypochlorite treatment and raised to the young adult stage at the
restrictive temperature of 258C. Total RNA was then isolated from number of DAPI-stained bodies detected was 5.8, although all nuclei
Double-Strand Breaks in C. elegans Meiosis
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probably contain 6 bivalents. In 58 nuclei from 24 spo-11 hermaphro- for 2 days at 2788C, then warmed to 2208C over a 12 hr period.
dites, an average of 11.4 bodies could be resolved, but our genetic After 12 hr at 2208C, the samples were warmed to room temperature
resultsshowing an absence of crossovers indicate that 12univalents over a 6 hr period, rinsed five times in pure acetone for 5 min
are likely present in every nucleus. Nuclei from irradiated spo-11 each, then infiltrated with Epon-Araldite resin without accelerator
animals revealed an average of 5.9 staining bodies, but in contrast according to the following schedule: 1 hr in 1 part resin: 3 parts
to wild-type oocytes, a small number of these were identified as acetone; 2 hr in 1:1; 4 hr in 3:1; 1 hr in pure resin, and pure resin
univalents. The images in Figures 2 and 4 were obtained from dis- overnight. Worms were transferred to resin plus accelerator for 4 hr,
sected animals using deconvolution microscopy, as described then flat embedded (Howard and O'Donnell, 1987) between Teflon-
below. coated (MS-122, Miller Stephenson Chemical, Danbury, CT) slides
and cured in a 608C oven for 48 hr. Samples were remounted and
Probes for In Situ Hybridization 60 nm longitudinal sections cut on a Reichert Ultracut E ultramicro-
The 5S rDNA probe was generated by PCR amplification of a single tome. These were picked up on Formvar-coated slot grids and
1 kb repeated unit, using primers designed from the published se- poststained with uranyl acetate and lead citrate.
quence (GenBank accession number M11989) (Nelson and Honda, For immersion fixation,worms were dissected with a scalpel blade
1985): TACTTGGATCGGAGACGGCC and CTAACTGGACTCAACGT to release the gonad in egg buffer containing 2% glutaraldehyde,
TGC. All other probes were made from cosmids kindly provided by to facilitate penetration of fixative into the meiotic nuclei. After 2 hr
Alan Coulson and the C. elegans sequencing consortium at the in fixative, they were rinsed three times for 10 min each in cacodylate
Sanger Centre. Cosmid DNAwas prepared using Qiagen midi-preps; buffer, then transferred to 1% OsO4 in water for 1 hr. Following three
probe DNA was enzymatically fragmented and 39-end labeled as 10 min rinses in dH2O, they were dehydrated by immersion for 15described by Dernburg and Sedat (1998). Probes were fluorescently min each in 35%, 50%, 70%, 80%, 90%, 95%, and 100% acetone.
labeled with FITC-N4-dCTP (NEN), Cy3-dUTP (Amersham), Cy5- Following two more 10 min washes in pure acetone, the worms
dUTP (Amersham), orhapten-labeled with digoxigenin-dUTP (Boeh- were embedded and prepared for sectioning as described above
ringer Mannheim) or biotin-dCTP (Life Technologies) and detected for HPF samples.
with fluorescent antibodies to digoxin or biotin (Jackson Immunore-
Two hundred eighty longitudinal sections were cut from seven
search), respectively.
wild-type worms, while 120 sections were cut from four spo-11
worms. Each section contained portions of at least 30 pachyteneFixation for Light Microscopy and In Situ Hybridization
nuclei, which could be identified by their appearance at low magnifi-Gravid adult C. elegans were transferred to a 30 ml drop of 13 egg
cation: the chromatin appears relatively condensed and containsbuffer (118 mM NaCl, 48 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 5 mM ªclearº zones that correspond to SC when viewed under higherHEPES [pH 7.4]), (Edgar, 1995), containing 15 mM Na azide and
magnification. The total number of different nuclei available was at0.1% Tween-20 (Fisher) on a siliconized 18 3 18 mm coverslip. The
least 150 for wild type and 80 for spo-11. Specimens were examinedgonad was dissected by nicking with a #11 scalpel blade (Feather)
using a JEOL 100 CX transmission electron microscope operatingbehind the pharynx. An equal volume of 0.4% EGS (Pierce) in 20%
at 80 kV. The images in Figure 7 were obtained at a magnificationDMSO/13 egg buffer was then added. A SuperFrost Plus slide
of 22,6803.(Fisher) was touched to the drop to sandwich the dissected animals
between the slide and coverslip. Slides were incubated for 30 min at
Acknowledgmentsroom temperature in a humid chamber, then frozen on an aluminum
block on dry ice. The coverslip was cracked off and slides trans-
We are grateful to Tom Petes and Stuart Kim for suggesting theferred to 95% ethanol at 2208C. The ethanol was allowed to warm
irradiation experiment, to Al Candia for assistance with the irradiator,to above 08C, and slides were then transferred to TBST (100 mM
to Jonathan Zalevsky for preparing the Northern blot, to John SedatTRIS-Cl [pH 7.5], 136 mM NaCl, 25 mM KCl, 0.1% Tween-20). Sam-
for suggesting the use of EGS as a fixative, and to Kim McKim,ples were postfixed either in 3.7% formaldehyde in TBST or, for
Scott Hawley, Jim Haber, and members of the Villeneuve laboratorysingle-copy probes, in 2% formaldehyde for 5 min at room tempera-
for helpful discussions and encouragement. The contributions ofture. Slides were then washed in 23 SSCT (0.3 M NaCl, 0.03 M
Na citrate, 0.1% Tween-20). FISH was performed as described by strains and clones from the Caenorhabditis Genetics Center and
Dernburg and Sedat (1998). the Sanger Centre were very much appreciated. This work was
funded by grants from the National Institutes of Health (GM53804-
High-Resolution Microscopy and Image Analysis 01) and the Searle Scholars Program/The Chicago Community Trust
All images were recorded with a scientific-grade cooled CCD cam- to A. M. V. and a fellowship from the Cancer Research Fund of the
era, using a DeltaVision wide-field fluorescence microscope (Ap- Damon Runyon-Walter Winchell Foundation (DRG-1392) to A. F. D.
plied Precision). Optical sections were collected by moving the sam-
ple through the focal plane of the lens at 0.20 or 0.25 mm increments. Received May 19, 1998; revised July 2, 1998.
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